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sampling.  Finally*  flow  visualization  has  been  accomplished  through 
standard  still  photography*  high-speed  cinematography*  and  schlieren 
photography. 

Ionization  current  measurements  have  been  made  in  Methane  and 
Propane  jet  diffusion  flames  using  a  Langmuir  probe.  Digital  collection 
and  analysis  were  accomplished  by  a  MINC  minicomputer*  measuring  the  mean 
and  RMS  values  of  ion  current.  Power  spectra  analysis  was  also  accomp¬ 
lished  with  Fast  Fourier  Transform  ( FFT )  routines. 

The  mapping  of  the  signal  reveals  that  the  inner  flame  boundary 
moves  radially  outward  in  the  near  flow-field  (x/D=10  to  x/D=40)  and 
later  converges  toward  the  flame  axis.  Meanwhile*  the  outer  flame  boundary 
grows  steadily  with  downstream  (axial)  distance*  indicating  a  consistently 
widening  reaction  zone*  for  the  entire  area  examined  (x/D=10  to  x/D=60). 

Profiles  of  RMS  values  of  ion  current  were  also^correlated  with  the 
flame  boundary  locations.  A  double  peak  pattern  was  found  in  the  RMS 
profiles*  each  peak  coinciding  with  the  large  gradients  of  the  mean  ion 
current  profiles.  Near  the  inner  flame  boundary*  the  flame  front  fluctuates 
across  the  probe's  sampling  volume*  generating  largely  fluctuating  com¬ 
ponents  of  ion  current.  These  fluctuations  manifest  themselves  as  peaks 
on  the  RMS  profiles.  In  the  central  flame  region*  the  probe  experiences 
a  more  continuous  flame  presence  and  less  fluctuations.  This^ causes  the 
mean  ion  current  signal  to  remain  high  while  the  RMS  signal  drops  off 
rather  rapidly.  As  the  outer  flame  boundary  is  approached*  an  increase  in 
fluctuations  again  takes  place*  which  could  be  expected  to  produce  a 
sharp  increase  in  the  RMS  value'.  However*  because  the  strength  of  the 
overall  ion  current  signal  weakens  in  this  region,  (mean  current  drops 
off  significantly)*  the  RMS  value  is  smaller  than  would  be  expected. 

While  points  farther  downstream  do  indeed  show  significant  peaks  on  the 
outer  boundary*  the  near  flow  fields  do  not  display  the  characteristic 
second  peak. 

The  ion  current  signal  drop  off  could  be  caused  by  two  sources  of 
ion  dilution.  As  radial  distance  increases  larger  amounts  of  air  are 
entrained  into  the  flame*  causing  a  dilution  of  the  ion  concentration 
and  a  corresponding  weakening  of  the  signal.  Secondly*  the  volume  for 
ion  occupation  increases  with  the  square  of  the  radius  allowing  signi¬ 
ficant  ion  dilution  to  occur  at  the  outer  boundary. 
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Introduction 

The  understanding  of  the  fluid  dynamic  structure  of  flames  continues 
to  be  of  Importance  In  the  design  and  development  of  burner  systems  used 
in  industrial  furnaces  and  combustion  chambers.  The  round  turbulent  free 
jet  flame  may  be  considered  the  model  of  such  systems.  Previous  work  [2] 
has  described  the  general  appearance  of  the  first  fifteen  diameters  of  a 
typical  turbulent  jet  flame  (Figures  3  to  5).  Obtained  from  high-speed 
schlleren  motion  pictures,  these  sketches  show  a  double  structure  consist¬ 
ing  of  Inner,  fast  moving  eddies  and  outer,  larger,  slow  moving  eddies. 

It  Is  the  growth,  development,  and  Interaction  of  these  two  structures 
that  Is  the  focus  of  this  research.  The  primary  goal  Is  the  development 
of  conditional  sampling  techniques  and  their  subsequent  application  to 
the  examination  of  coherent  structures  In  transitional  and  turbulent  jet 
diffusion  flames. The  principle  diagnostic  techniques  developed  to  achieve 
this  goal  Include  laser-Doppler  anemometry,  ionization  probes,  and  fine 
wire  thermocouples.  The  study  began  with  a  reexamination  of  the  relation¬ 
ship  between  flame  height  and  fuel  flow  rate. 

Several  students  have  worked  on  this  research  project.  Tom  Zsak 
obtained  his  masters  degree  and  was  awarded  the  Guggenheim  Fellowship  at 
Cal  Tech  to  continue  his  Ph.D.  studies.  Caroline  Perlee  obtained  her 
masters  degree  and  is  continuing  her  studies  as  a  Ph.D.  student  in  Electri¬ 
cal  Engineering  at  Carnegi e-Mellon  University.  Ken  Laskey  has  moved  on 
to  computational  work  at  NRL  for  his  Ph.D.  studies.  Craig  Niiya  has 
graduated  as  a  senior  student  in  Mechanical  Engineering.  John  Feeney 
and  other  members  of  the  combustion  research  team  have  made  contributions 
to  the  work  reported. 
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Flame  Height  Measurements 

A  test  of  the  integrated  result  of  any  detailed  flame  model  Is  how 
well  that  model  predicts  the  experimentally  measured  flame  height.  As  a 
first  step  in  this  study,  data  were  collected  on  hydrogen,  methane,  and 
propane  flames  at  various  flow  rates  and  for  various  burner  geometries. (Figs. 1 ,2) 
In  all  cases,  the  flames  were  unconfined  but  surrounded  by  a  coflowing 
air  stream  having  a  velocity  of  0.5m/s.  This  simple  geometry  allows  for 
the  possibility  of  comparison  with  theories  which  produce  analytically 
solvable  differential  equations.  The  measurements  were  taken  visually 
and  represent  the  average  vertical  distance  between  the  nozzle  exit  and 
the  flame  tip.  Becker  and  Liang  [10]  note  that  visual  measurements  of 
this  type  are  most  appropriate  for  collecting  average  flame  height  data. 


It  was  expected  that  a  detailed  database  could  be  produced  that  fol¬ 
lowed  the  pattern  described  by  Hottel  and  Hawthorne  [1]  and  Included  In 
many  standard  texts  on  combustion  [3,4,9].  The  classic  Hottel  and  Haw¬ 
thorne  diagram  appears  in  Figure  6.  For  low  flow  velocities,  flame 
height  Increases  linearly  with  exit  velocity.  As  the  exit  velocity  of 
the  fuel  Increases,  the  flame  height  varies  as  the  log  of  the  volumetric 
flow  rate,  l.e.  for  a  given  diameter  nozzle,  the  Increase  In  the  flame 
height  with  Increasing  velocity  Is  less  than  linear.  Both  the  linear 
and  log-linear  regions  are  described  by  Hottel  and  Hawthorne  as  "sharp- 
edged  and  constant  in  shape."  In  other  words,  they  are  laminar  flames. 
Passed  the  log-linear  region,  the  flame  tip  forms  a  "brush"  and  the 
transition  to  turbulence  begins.  The  height  of  the  "fully  developed" 
turbulent  flame  Is  less  than  the  maximum  laminar  height  and  constant. 
Figure  7  shows  a  comparison  of  data  obtained  In  this  study  with  that 
obtained  by  Hawthorne  [6].  Note  that  the  current  data  do  not  follow 
the  trend  previously  described.  A  strictly  linear  tendency  is  shown  at 
very  low  flow  velocities  in  Figures  8  and  9,  but  no  maximum  Is  seen  at 
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higher  velocities.  A  linear  trend  may  be  found  when  the  data  are  plotted 
on  semilog  axes  using  the  log-linear  variables  suggested  by  Hottel  and 
Hawthorne  for  the  second  laminar  regime  (Figure  10).  Much  of  the  data 
contained  in  this  plot,  however.  Is  not  only  for  the  laminar  flames  stud¬ 
ied  but  also  for  flames  stabilized  above  the  nozzle  exit.  These  "lifted" 
flames  were  not  addressed  by  Hottel  and  Hawthorne.  Given  this  unexpec¬ 
ted  inconsistency,  an  examination  of  the  literature  was  undertaken  to 
compare  the  data  with  other  published  results  and  to  look  for  a  resolu¬ 
tion  to  the  disagreement. 

Figure  11  contains  data  from  four  studies  including  the  present  one. 
For  the  smaller  diameter  burners,  the  data  do  show  a  slight  decrease  from 
a  maximum  height  (References  7  and  8  do  not  comment  on  whether  this  maxi¬ 
mum  occurs  for  a  laminar  flame  before  transition)  to  a  constant  value 
Independent  of  fuel  velocity.  For  moderate  and  larger  diameter  nozzles, 
this  maximum  is  not  In  evidence;  however,  the  trend  toward  Increasing 
flame  height  with  Increasing  burner  diameter  for  constant  exit  fuel  velo¬ 
city  Is  consistent  In  this  plot.  Similar  results  can  be  seen  In  Figure 
12  for  propane. 

The  most  complete  explanation  for  the  collected  data  appears  in  two 
articles  by  Baev  and  coworkers  [7,8].  In  Figure  13a,  one  can  see  the 
classic  curve  described  by  Hottel  and  Hawthorne.  This  result  was  de¬ 
rived  by  Baev  In  the  absence  of  lifting  forces,  l.e.  for  flames  with  an 
Infinite  Froude  number,  Fr.  Theoretically,  the  maximum  laminar  height 
could  exceed  the  constant  turbulent  height  by  a  factor  of  1.74.  For 
lesser,  though  still  large  values  of  Fr,  the  sketch  In  Figure  13b  shows 
that  the  "hump"  of  the  flame  height  curve  will  decrease  and  eventually 
vanish.  Figure  13c  shows  this  same  tendency  but  In  terms  of  the  nozzle 


diameter.  Thus  for  small  diameter  nozzles,  the  flame  height.  Which 
scales  almost  linearly  with  Reynolds  number.  Re,  at  low  Re,  increases 
past  the  constant  high  Re  height  and  then  decreases  after  transition  to 
a  value  below  the  constant  height  before  approaching  the  final  constant 
value  asymptotically.  The  ratio  of  maximum  flame  height  to  constant  high 
Re  height  decreases  with  increasing  nozzle  size  as  the  effects  of  buoy¬ 
ancy  become  more  pronounced,  that  is,  Fr  Increases.  For  nozzle  diame¬ 
ters  greater  than  some  critical  value,  the  flame  height  never  exceeds  :the 
high  Re  value  but  approaches  It  asymptotically  from  below.  The  data  of 
the  present  study  plotted  in  Figure  14  agrees  qualitatively  with  this  ar¬ 
gument. 

In  the  presence  of  lifting  forces  and  for  small  values  of  Re,  Baev 
suggests  the  correlation 

L/d  =■  Re2'3*-1'3  »  u4/3d,/3 

where  L  *  flame  height 

d  *  nozzle  diameter 
u  B  exit  fuel  velocity 

* 

The  log-log  plot  In  Figure  15  shows  that  much  of  smaller  value  data 
does  fall  along  a  curve  with  slope  equal  to  unity  and  thus  shows  agree¬ 
ment  with  this  correlation. 

For  higher  values  of  Re  and  correspondingly  higher  values  of  Fr, 
many  sources  [7,11,12]  correlate  the  data  by  the  following: 

Fr  c  Fr* 

L/d  «  A  Fr"1,  m  «  0.2 

Fr  y  Fr* 


L/d  *=  A 
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Although  this  form  does  not  appear  explicitly  In  References  7  and  8,  the 
suggested  variable  groupings  In  those  analyses  can  be  reduced  to  this 
Froude  number  form  with  the  remaining  variables  providing  expressions 
for  the  constant  coefficient  A.  Figure  16  shows  this  study's  data 
plotted  as  L/d  versus  Fr.  Host  of  the  data  appears  to  fall  along  a  line 
having  a  slope  of  approximately  0.2.  The  lower  values  which  do  not  fit 
this  slope  were  correlated  In  Figure  15,  and  the  higher  values  approach 
a  constant  value.  Figures  17  and  18  show  the  various  collected  data 
plotted  in  this  manner. 

The  accomplishment  of  this  flame  height  study  has  been  twofold. 
First,  a  large  amount  of  data  taken  under  carefully  recorded  conditions 
has  been  added  to  the  body  of  literature.  Secondly,  consistency  has 
been  shown  to  exist  in  a  large  body  of  data,  and  an  explanation  of 
those  data  beyond  the  most  widely  quoted  source  has  been  indicated.  It 
was  during  this  study  that  an  Interesting  discovery  was  rode  dealing 
with  the  liftoff  and  reattachment  of  methane  and  propane  flames. 
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Flame  Height  Hysteresis 

The  subject  of  lifted  turbulent  jet  diffusion  flames  has  enjoyed  a 
renewal  in  interest  lately,  primarily  due  to  the  work  of  Peters  and 
Williams  [13].  In  the  mld-1960's,  Vanquickenborne  and  van  Tlggelen  [14] 
put  forth  the  most  widely  accepted  explanation  for  the  stabilization 
mechanism  of  these  flames.  This  mechanism  is  dependent  on  the  entrain¬ 
ment  of  surrounding  air  into  the  non-burning  part  of  the  gas  jet  between 
the  burner  and  the  base  of  the  flame.  At  the  base,  a  "premixed  region" 
forms,  and  stabilization  occurs  at  a  point  where  the  local  cold  flow  ve¬ 
locity  Is  equal  and  opposite  to  the  local  turbulent  flame  speed.  Doubt¬ 
ing  the  extent  of  premlxedness,  Peters  and  Williams  suggest  that  the 
lifted  flame  is  made  up  of  a  number  of  laminar  diffusion  flamelets  and 
that  stabilization  occurs  at  the  last  downstream  position  where  these 
flamelets  are  locally  quenched  by  excessive  mixing  [15],  The  existence 
of  a  series  of  small  scale  eddy-flames  and  large  scale  lump-flames  con¬ 
taining  a  definite  number  of  eddy-flames  has  been  confirmed  at  the  base 
of  a  turbulent  flame  prior  to  and  after  liftoff  by  Yamaguchl  and  cowork¬ 
ers  [16], 

The  following  data  Illustrate  an  interesting  hysteresis  phenomenon 
associated  with  the  liftoff  and  reattachment  of  hydrocarbon  flames  that 
has  not  been  reported  In  the  literature  save  for  a  conment  by  Elckhoff 
at  the  Nineteenth  Symposium  (International)  on  Combustion  [5]. 

In  the  present  study,  flames  fueled  either  by  methane  or  propane 
were  found  to  lift  from  the  burner  upon  steadily  increasing  the  fuel  flow 
rate.  Liftoff  was  found  to  occur  at  a  nozzle  exit  fuel  velocity  of 
14.7m/s  (Re  *  15920)  for  propane. and  at  21.4m/s  (Re  *  6359)  for  methane. 


These  flames  were  Initially  stabilized  on  a  circular  nozzle  having  an 
exit  diameter  of  5mm.  As  the  fuel  flow  rate  Increased,  the  attached 
flames  stretched,  became  perforated,  and  then  completely  detached  from  the 
burner  rim  at  sudden  liftoff.  Once  lifted,  a  continued  Increase  in  fuel 
flow  resulted  In  an  Increase  In  both  the  visible  flame  height  and  the 
position  of  the  base  of  the  flame  above  the  nozzle.  A  decrease  In  fuel 
flow  caused  the  flames  to  reattach  to  the  burner  rim.  This  occurred  at 
an  exit  fuel  velocity  of  4.81m/s  (Re  *  5139)  for  propane  and  at  a  velo¬ 
city  of  6.25m/s  (Re  *  1857)  for  methane.  Within  the  hysteresis  region, 
bounded  by  the  velocities  of  liftoff  and  reattachment,  flame  heights  were 
significantly  shorter  while  decreasing  the  flow  for  a  lifted  flame  as 
compared  to  increasing  the  flow  for  an  attached  flame.  Once  reattach¬ 
ment  had  occurred,  flame  length  suddenly  Increased  to  the  value  of  the 
Initial  rim-stabilized  flame.  The  flame  height  variations  had  the  charac¬ 
teristics  of  a  hysteresis  loop,  and  the  results  were  reproducible  and 
Independent  of  the  time  between  measurements  and  the  rate  of  change  of 
fuel  flow.  Figures  19  to  22  Illustrate  this  phenomenon.  A  hysteresis 
loop  was  not  observed  for  hydrogen  flames,  for  liftoff  could  not  be  a- 
chieved  at  fuel  velocities  of  up  to  104m/s  (Re  *  4851). 

Photographs  of  propane  flames  within  the  hysteresis  loop  of  Figure 
21  are  shown  In  Figures  23  to  27.  In  each  figure,  the  pair  of  flames  on 
the  left  were  photographed  at  a  shutter  speed  of  1/1 000th  of  a  second 
and  the  pair  on  the  right  had  an  exposure  of  l/60th  of  a  second.  As  one 
can  see  from  the  photographs  having  the  shorter  exposure  time,  the  struc¬ 
tures  of  the  attached  and  lifted  flames  are  very  similar,  although  the 
attached  flames  are  slightly  more  luninous  especially  at  the  higher  flow 
velocities.  These  structures  are  very  much  like  those  reported  by  Chigier 
and  Yule  [17],  and  the  flames  do  In  fact  appear  to  be  "nicked"  into  dis- 
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crete  "chunks." 

Since  the  flames'  movements  are  frozen  at  an  exposure  of  1/1 000th 
of  a  second,  flame  height  is  not  accurately  represented  and  a  much  longer 
exposure  is  necessary  to  record  the  flame  tip  fluctuations.  A  shutter 
speed  of  l/60th  of  a  second  was  therefore  chosen.  From  these  pairs  of 
photographs  In  Figures  23  to  27,  one  can  see  the  flame  height  differ¬ 
ences  within  the  hysteresis  loop.  It  is  clear  that  for  a  given  fuel 
velocity  the  lifted  flames  are  shorter  than  their  corresponding  attached 
flames.  This  difference  Increases  as  the  fuel  velocity  tends  to  the 
lower  bound  or  reattachment  velocity. 

Additionally,  the  secondary  air  velocity  was  varied  while  flames 
were  lifted  to  examine  the  influence  of  jet-to-stream  velocity.  It  was 
found  that  the  stabilization  positions  of  the  flames  Increased  in  height 
above  the  nozzle  as  the  secondary  air  velocity  Increased.  Typical  results 
are  given  in  Figure  28  for  propane  flames  at  various  exit  velocities. 

It  was  expected  that  the  occurrence  of  liftoff  would  be  sensitive 
to  burner  exit  conditions.  More  specifically,  would  the  presence  of 
recirculation  zones  at  the  nozzle  exit  affect  the  liftoff  process? 
Generating  recirculation  at  the  burner  port  by  attaching  annular  disks 
at  the  exit  showed  that  the  stronger  the  recirculation  zone  present,  the 
longer  the  flames  were  able  to  remain  stabilized  on  the  burner  rim  as 
the  fuel  velocitiy  Increased.  The  liftoff  position  was  also  sensitive 
to  the  presence  of  recirculation  until  the  fuel  velocity  reached  a  cer¬ 
tain  value  where  this  position  was  Independent  of  the  strength  of  the 
recirculation  zone.  This  is  shown  in  Figure  29. 


Velocity  measurements  were  made  within  the  flames  shown  in  Figure  23 
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by  the  laser-Doppler  anemometry  system  shown  In  Figure  30.  The  results, 
given  in  Figures  31  to  33,  show  the  variations  in  flow  field  structure 
and  turbulence  characteristics  at  several  axial  positions.  The  effect 
of  combustion  on  the  mean  velocity  is  clearly  evident  In  Figure  31. 

The  lifted  flame  exhibits  free-stream  velocity  decay  along  the  axis  as 
expected,  for  the  flame  Is  stabilized  at  15  to  17  diameters  downstream 
of  the  burner  port.  For  the  attached  flame,  however,  there *ls  very  lit¬ 
tle  axial  velocity  decay  even  at  the  position  15  diameters  downstream. 
Combustion,  therefore,  has  extended  the  potential  core  of  the  fuel 
stream.  -.Little  can  be  said  of  the  turbulence  data  given  In  Figures  32 
and  33  since  the  points  are  so  scattered.  This  almost  random  quality 
may  be  the  result  of  non-steady  seeding  rates  from  the  r^uidized  bed 
seeders  used  to  introduce  alumina  particles  to  both  the  fuel  and  second¬ 
ary  air  streams.  The  examination  of  flame  height  hysteresis  led  to  the 
first  application  of  the  laser  anemometry  system  developed  at  Carnegie- 
Mellon,  and  it  Is  in  this  area  that  significant  developments  have  occur¬ 
red. 
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Laser  Anemometry  In  Flames 

Research  at  Carnegi e-Mellon  University  in  laser-Doppler  veloclmetry, 
LDV,  measurements  has  resulted  in  the  development  of  software  specifical¬ 
ly  designed  for  high-speed  data  acquisition  so  as  to  allow  high  frequen¬ 
cy  recording  of  velocity  as  a  function  of  time  for  conditional  sampling. 
The  software  is  compatible  with  both  the  PDP-11/34  and  MINC-23  mini¬ 
computers  currently  being  used  at  the  University.  All  data  acquisition 
is  done  by  way  of  Direct  Memory  Access,  a  high-speed  form  of  data  trans¬ 
fer.  Because  of  this,  the  system  developed  in  this  research  Is  capable 
of  measuring  velocity  fluctuations  occurring  at  frequencies  up  to  67kHz, 
that  is,  the  system  has  the  capability  of  sampling  velocities  within  the 
flame  at  a  rate  of  almost  140kHz.  By  comparison,  other  coimonly  used 
methods  of  data  transfer  in  LDV  systems  operate  at  sampling  rates  less 
than  15kHz.  The  graphical  support  for  the  system  includes  a  time- 
history  plotting  package,  which  provides  a  plot  of  the  acquired  velo¬ 
cities  versus  their  time  of  acquisition  allowing  conditional  sampling 
and  detection  of  flow  structures,  and  a  histogram  plotting  package  which 
displays  the  estimated  probability  of  occurrence  of  a  specific  range  of 
velocities. 

The  LDV  optics  used  In  this  study  are  commercially  available  from 
TSI  Incorporated  and  are  shown,  once  again.  In  Figure  30.  As  can  be  ■ 
seen,  the  arrangement  Is  a  single  color  system  based  on  a  15mW  He-Ne 
laser  and  is  capable  of  measuring  one  velocity  component.  In  this  case, 
the  axial  component.  In  the  flame  under  study.  Due  to  the  fact  that 
the  research  at  Carnegie-Mel Ion  has  resulted  in  a  sampling  rate  of  near¬ 
ly  ten  times  that  of  commercially  availble  systems,  it  Is  now  possible 
to  follow  the  very  rapid  velocity  fluctuations  common  In  turbulent  flames, 
making  the  system  well  suited  for  combustion  studies.  The  conclusions  to 
be  drawn  from  this  work  are  [18]: 
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1.  Direct  Memory  Access  can  be  used  with  LDV  systems 
to  provide  data-acquisition  rates  many  times  those 
of  other  commonly  used  methods  of  data  transfer 
Including  digital  Input  by  programmable  I/O. 

2.  The  rate  of  data  transfer  in  actual  LDV  measure¬ 
ments  depends  on  the  particle  concentration  within 
the  flow.  However,  provided  the  particles  are 
arriving  at  the  measurement  volume  at  an  adequate 
rate,  the  Direct  Memory  Access  method  is  capable 
of  detecting  velocity  fluctuations  at' frequencies 
up  to  67kHz  corresponding  to  an  average  time-be- 
tween-data  of  approximately  7.^us. 

3.  Several  programs  have  been  created  to  perform  a 
variety  of  software  functions  with  the  intention 
of  using  the  LDV  data  In  conditional  sampling  of 
various  flame  properties. 


The  concept  of  conditional  sampling.  Introduced  in  the  analysis  of 
non-periodic  functions  of  time,  is  not  new  to  turbulent  flow  studies.  It 
Is  new,  however.  In  Its  application  to  LDV  measurements.  The  purpose  of 
conditional  sampling  is  to  reveal  "interesting"  features  that  appear  In¬ 
termittently  rather  than  continuously.  In  general,  it  is  necessary  to 
specify  In  advance  what  Instantaneous  properties  of  the  signal  are  con¬ 
sidered  " interesting"  though  any  measurable  property  may  be  chosen. 

Figure  34  Illustrates  an  example  of  conditional  sampling  in  a  flow 
whose  velocity  measurements  are  continuous  with  time  (such  as  from  a  hot¬ 
wire  anemometer).  The  data  of  Figure  34a  represent  velocity  measurements 
at  a  flow  location  A.  If  high  frequency  turbulence  Is  of  Interest  in 
this  case,  the  conditioning  criterion  may  be  chosen  such  that  the  condi¬ 
tioned  data  of  Figure  34b  result,  that  Is,  only  those  turbulent  frequen¬ 
cies  that  satisfy  the  criterion  remain.  The  conditioning  function  of 
Figure  34c  Is  then  formed  from  the  results  of  Figure  34b  and  the  data 
from  all  other  simultaneous  flow  measurements,  such  as  the  velocities 
of  Figure  34d,  are  then  conditioned  by  way  of  the  function  of  Figure  34c 
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producing  the  data  of  Figure  34e.  Now  only  the  "interesting"  data  given 
in  Figures  34b  and  34e  remain  to  be  analyzed. 

A  useful  tool  to  determine  what  features  are  Interesting  is  some 
form  of  picture  showing  certain  flow  properties  as  they  vary  with  time. 
Such  a  tool  for  displaying  the  variations  of  velocity  within  transi¬ 
tional  and  turbulent  flames  has  been  created  In  this  research.  It  is  a 
time-history  plot  of  the  sampled  data  whose  purpose  is  to  show  the  velo¬ 
city  variations  with  time  at  some  location  within  the  flame.  This  plot 
allows  the  experimenter  to  visualize  actual  flow  fluctuations  and  to  de¬ 
termine  what,  if  any.  Interesting  features  exist. 

Figures  35  and  36  show  typical  output  obtained  from  LDV  measure¬ 
ments  within  a  propane  flame  having  an  exit  Reynolds  number  based  on  cold 
flow  conditions  of  approximately  14000.  The  velocities  reported  are  in 
the  axial  direction.  Each  figure  contains  a  time-history  plot  of  a  par¬ 
ticular  set  of  512  velocity  samples  taken  from  a  total  of  2560  available 
samples.  As  one  can  see,  the  velocity  fluctuations  are  roughly  3*  of 
the  mean  In  both  cases.  This  low  level  of  turbulence  Intensity  is  to  be 
expected  since  the  measurements  were  taken  just  above  the  nozzle  port. 
Remember,  the  nozzle  is  contoured  to  provide  a  uniform  velocity  profile 
at  Its  exit.  The  large  velocity  excursions  below  the  mean  were  not  ex¬ 
pected.  They  have  been  determined  to  be  the  result  of  the  Inability  of 
larger  seeding  particles  to  follow  the  accelerations  of  the  surrounding 
fluid.  As  can  be  Imagined,  the  time-history  plots  are  Invaluable  to  an 
experimentor  wishing  to  identify  periodic  flow  structures,  and  when  used 
In  conditional  sampling,  they  will  reduce  the  risk  of  choosing  a  criterion 
that  has  no  relevance  to  the  flow  under  study. 
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Ionization  and  Microthercouple  Probes 

In  order  to  facilitate  the  study  of  the  growth,  development,  and 
subsequent  history  of  the  eddy  structures  depicted  in  Figures  3  to  5,  a 
probe  able  to  follow  the  time-dependent  phenomena  associated  with  flame 
presence  had  to  be  Incorporated  Into  the  experimental  program.  Such  a 
probe  could  be  used  as  a  triggering  mechanism  for  other  Instruments  and 
would  prove  quite  valuable  when  carrying  out  conditional  sampling.  One 
such  device  is  the  Ionization  probe,  for  It  is  sensitive  to  the  Ions 
existing  In  the  reaction  zone  and  possesses  adequate  spatial  resolution 
and  time  response. 

It  Is  well  known  that  the  peak  Ion  density  closely  follows  the 
reaction  zone.  This  Is  due  to  the  fact  that  the  recombination  time  of 
Ions  (10~7  to  ID'5  seconds)  is  at  least  one  order  of  magnitude  shorter 
than  the  time  scale  of  fluctuations  In  turbulent  flames  [19].  As  a  con¬ 
sequence,  diagnostic  techniques  based  on  Ionization  are  appropriate 
tools  for  the  examination  of  flame  turbulence  [20]. 

The  principle  of  operation  of  the  Ionization  probe  Is  fully  treated 
in  the  literature  [21],  and  a  review  of  the  theories  supporting  the  use 
of  the  probe  has  been  written  by  Smy  [22],  Work  using  the  Ionization 
probe  in  the  study  of  flame  turbulence  was  first  presented  by  Karlovltz 
and  coworkers  [23]  at  the  Fourth  International  Combustion  Symposium. 

Their  study  dealt  with  a  natural  gas/air  premixed  flame  and  measured  the 
fraction  of  time  the  flame  spent  at  the  probe  position,  the  most  probable 
position  of  the  combustion  wave  within  the  flame  brush,  and  the  rms  dis¬ 
placement  from  this  point.  They  also  used  the  probe  to  detect  "holes" 
in  the  flame  which  they  related  to  the  fullness  of  the  flame.  One  of 
the  more  interesting  studies  in  recent  times  using  ionization  probes  in 
premixed  flames  was  performed  by  Suzuki  et  al.  in  1979  [24].  Here,  two 
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sensors  were  used  In  premixed  propane/air  flames  and  the  signals  were 
cross-correlated  to  yield  the  most  probable  direction  and  velocity  of 
local  flame  front  movements.  In  fact,  the  vast  majority  of  Ionization 
probe  studies  have  dealt  with  premixed  flame  situations.  Detailed  meas¬ 
urements  in  diffusion  flames  have  only  been  realized  by  Lockwood  and 
Odidi  [25]  and  Ahlheim  and  Gunther  [26].  This  paucity  of  literature 
dealing  with  diffusion  flame  Ionization  Is  one  of  the  factors  motivating 
the  research  at  Carnegle-Mellon. 

A  typical  probe  used  in  the  present  study  Is  Illustrated  In  Figure 
37.  Its  components  Include: 

*  sensor:  Pt/13*Rh  wire,  20(^m  diameter  and 
].5mm  exposed  length 

*  probe  body:  standard  1/4"  stainless  steel  tubing 
*  ceramic  sheath:  Insulates  wire  from  probe  body 

The  sensing  wire  runs  the  length  of  the  probe  body  to  a  connecting  socket 
where  coaxial  cable  carries  the  signal  to  the  Instrumentation.  A  diagram 
of  the  complete  circuit  is  given  in  Figure  38.  The  voltage  divider  shown 
Is  necessary  because  the  voltages  produced  by  flame  Ionization  are.  In 
many  cases,  greater  than  the  5.12V  threshold  of  the  MINC-23  A/D  converter. 
Once  digitized,  the  signals  are  stored  and  processed  using  the  MINC-23 
minicomputer.  To  date,  efforts  In  this  study  have  been  concentrated  on 
obtaining  mean  and  rms  profiles  of  the  Ion  signal  In  various  methane  and 
propane  flames.  Additional  measurements  to  be  carried  out  Include  peak 
analysis  of  the  fluctuating  signal,  probability  density  function  (pdf), 
spectrum  and  autocorrelation  of  the  signal,  and  the  cross  correlation 
of  the  signals  from  two  probes  with  axial  and/or  radial  separation. 

Figure  39  contains  a  photograph  of  a  single  probe  In  a  lifted  meth¬ 
ane  flame  (Re  *  3655)  and  a  chart  recording  of  a  typical  signal  produced 


when  the  fluctuating  flame  front  comes  into  contact  with  the  sensor. 

This  contact  results  in  the  series  of  voltage  peaks  shown.  The  frequency 
of  contact  depends  on  the  location  of  the  probe  within  the  flame  as  il¬ 
lustrated  in  Figure  40.  Here,  a  sequence  of  oscilloscope  traces  are 
shown  which  follow  the  movement  of  the  probe  through  the  reaction  zone 
of  a  methane  flame  (Re  *  2960)  at  a  distance  of  four  diameters  above  the 
nozzle  port.  Photograph  40a  was  taken  when  the  sensor  was  on  the  nozzle 
axis  and  surrounded  by  the  cold  fuel  stream.  At  this  location,  there  Is 
no  flame  front  present.  Movement  away  from  the  axis  results  In  the  In¬ 
creased  frequency  of  contact  between  the  flame  and  probe  resulting  in  a 
number  of  voltage  peaks  that  are  quite  periodic  (photographs  40b  to  40f). 
Obviously,  the  probe  is  "seeing"  the  passage  of  eddy  structures  such  as 
those  depicted  in  Figures  3  and  4.  As  the  probe  passes  beyond  the  reac¬ 
tion  zone,  activity  ceases  (photographs  40g  and  40h).  The  dominant  fre¬ 
quencies  In  signals  such  as  those  above  can  be  obtained  by  power  spectra 
analyses,  and  these  can  be  related  to  the  arrival  of  burning  structures 
at  the  probe  sensor.  Taking  the  inverse  Fourier  transform,  which  Is  the 
autocorrelation  of  the  signal,  will  permit  the  calculation  of  Integral 
time  scales. 

Mean  and  rms  voltage  profiles  of  a  turbulent  propane  diffusion  flame 
(Re  *  8853)  are  shown  In  Figures  41  and  42  respectively.  In  each  case, 

10  volts  corresponds  to  roughly  0.1  mlcroanps,  and  the  nozzle  rim  Is 
located  at  a  radial  position  of  0.5  diameters.  Figure  41  shows  that  the 
mean  voltage  drops  sharply  as  the  probe  passes  from  the  reaction  zone  In¬ 
to  the  surrounding  air  stream.  As  expected,  this  drop  occurs  further  from 
the  axis  as  axial  distance  Is  Increased.  This  Is  due  to  the  natural 
spreading  of  the  flame.  The  inner  and  outer  boundaries  of  the  reacting 
Interface  can  be  determined  from  the  locations  of  the  dual  peaks  In  rms 
voltage  present  at  each  axial  position  as  shown  in  Figure  42.  It  can  be 
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seen  that  the  inner  boundary  moves  toward  the  axis  as  axial  distance  in¬ 
creases  while  the  outer  boundary  of  the  interface  moves  away.  Profiles 
such  as  these  allow  one  to  determine  the  approximate  shape  of  the  flame 
under  investigation  quite  readily. 

Multiple  probes  are  useful  In  examining  the  development  and  evo¬ 
lution  of  distinguishable  features  of  flames.  For  example,  signals 
from  a  pair  of  ionization  probes  could  be  used  to  follow  the  downstream 
movements  of  identifiable  structures  and  cross-correlations  could  be  ob¬ 
tained.  Figure  43  Is  a  chart  recording  of  signals  from  two  sensors  lo¬ 
cated  at  an  axial  distance  of  250  diameters  and  separated  by  a  distance 
of  a  single  diameter.  The  flame  under  investigation  Is  the  same  pro¬ 
pane  flame  mentioned  when  discussing  the  previous  two  figures.  The 
spikiness  of  each  signal  and  the  dissimilarity  between  the  two  Indicate 
the  Influence  of  turbulence  on  the  flame  structures. 

The  most  suitable  technique  currently  available  for  measurement  of 
the  local  fluctuating  temperature  in  turbulent  combustion  flows  is  gener¬ 
ally  accepted  to  be  the  use  of  unshielded,  noble  metals  fine  wire  thermo¬ 
couples.  Since  such  fluctuations  are  of  high  frequency,  thermocouple 
time  response  is  at  a  premium,  and  wires  of  diameters  of  25  to  75  microns 
must  be  utilized.  Efforts  at  Carnegi e-Mellon  have  concentrated  on  the 
construction  of  such  thermocouple  probes.  Figure  44  displays  the  thermo¬ 
couple  welding  station  and  Figure  45  shows  two  2^m  wires  (Pt  and  Pt/13*Rh) 
prior  to  welding.  The  welded  junction  of  these  wires  Is  shown  in  Fig¬ 
ure  46.  For  comparison,  a  paper  clip,  having  a  diameter  of  lOO^on,  is  also 
present  in  the  photograph.  Finally,  the  thermocouple-to-support  wire  weld 
Is  shown  in  Figure  47.  The  support  wires  have  diameters  at  least  four  j 

times  those  of  the  thermocouple  wires.  Plans  are  being  made  to  obtain 
temperature  profiles  in  various  jet  flames  using  the  MINC-23  minicomputer  j 
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and  to  use  the  thermocouples  in  conjunction  with  the  ionization  probes 
already  assembled.  To  date,  however,  no  temperature  measurements  have 
been  made. 

! 
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Schl ieren 


Along  with  standard  still  photography  and  high-speed  cinematography, 
schl ieren  photography  has  been  employed  as  a  method  of  flow  visualiza¬ 
tion.  The  technique  known  as  "Rainbow  Schl ieren"  [27]  had  been  adapted 
to  the  experimental  setup  during  the  sunnier  of  1983.  A  standard  Z-type 
configuration  was  arranged  and  is  depicted  in  Figure  48.  Its  components 
were: 


*  two  12in  diameter  spherical  mirrors  each  having 
a  focal  length  of  12ft 

*  162W  mercury  arc  lamp 

*  rainbow  aperture 

This  technique  Is  termed  "rainbow"  schlieren  because  a  rainbow-like  aper¬ 
ture  Is  placed  at  the  focal  point  of  the  Imaging  mirror.  This  aperture 
is  a  35nm  slide  of  concentric  rings  of  color,  the  core  being  clear  sur¬ 
rounded  by  rings  of  blue,  green,  yellow,  orange,  and  red.  Density  dif¬ 
ferences  In  the  flame  are  Indicated  by  different  colors  In  the  schlieren 
Image  produced  by  varying  degrees  of  light  deflection  through  the  flame 
test  section.  Black-and-White  schlieren  Images  were  also  produced  by  re¬ 
placing  the  arc  lamp  and  rainbow  aperture  with  the  15mW  He-Ne  laser  used 
In  the  LDV  system  and  a  dual  knife-edge  respectively.  Examples  of  the 
black-and-white  images  are  shown  In  Figures  49  to  51.  Though  It  is  dif¬ 
ficult  to  detect  flame  structures  in  these  photographs  due  to  the  poor 
quality  of  reproduction,  one  can  nevertheless  recognize  the  vortex  forma¬ 
tion  in  the  outer  flow  around  each  flame  just  as  depicted  in  Figure  5. 
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Conclusion 


Research  in  the  area  of  transitional  and  turbulent  jet  diffusion 
flames  at  Carnegie-Mellon  began  with  a  reexamination  of  a  classical  flame 
height  study  and  has  led  to  the  development  of  several  diagnostic  tech¬ 
niques  that  make  possible  the  application  of  conditional  sampling.  These 
include  a  laser-Doppler  anemometry  system  capable  of  sampling  a  turbulent 
flow  every  7.5  s  and  a  number  of  Ionization  and  microthermocouple  probes. 
Immediate  plans  for  the  continuation  of  this  study  Include: 

*  additional  mean  and  rms  Ion  profiles  of  fluid 
dynamically  similar  methane  and  propane  diffu¬ 
sion  flames 

*  velocity  profiles  of  these  flames  to  examine 
the  relationships  between  fluctuations  in 
velocity,  temperature,  and  flame  front  location 

*  simultaneous  measurements  of  Ionization  and 
temperature 

*  assemblage  of  a  more  sensitive  schlieren  system 
so  that  flow  disturbances  caused  by  the  probes 
can  be  examined 

*  superposition  of  Ionization  probe  oscilloscope 
tracings  on  high-speed  schlieren  motion  pic¬ 
tures  to  relate  signal  shape  to  the  type  of 
structure  passing  the  probe 

With  the  present  experimental  program  in  operation.  It  Is  felt  that  sig¬ 
nificant  contributions  to  the  study  of  transitional  and  turbulent  jet 
diffusion  flames  can  be  made  at  Carnegie-Mellon. 
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Publications  and  Presentations 


Three  papers  dealing  with  this  study  were  presented  at  the  1984  Fall 
Technical  Meeting  of  the  Eastern  Section  of  The  Combustion  Institute  held 
December  3-5,  1984  In  Clearwater  Beach,  Florida.  They  were: 


*  Laskey,  K.,  Zsak,  T.,  and  Chlgier,  N.,  "Varia¬ 
tions  In  Height  of  Laminar  and  Turbulent  Flames," 

Paper  4,  Section  A-l. 

*  Zsak,  T.,  Perlee,  C.,  and  Chigier,  N.,  "Hysterr 
esis  In  the  Liftoff  and  Reattachment  of  Hydro¬ 
carbon  Flames,"  Paper  6,  Section  A-l. 

*  Perlee,  C.,  Zsak,  T.,  and  Chlgier,  N.,  "Condi¬ 
tional  Sampling  by  Laser  Anemometry  In  Flames," 

Paper  18,  Section  A-3. 

The  following  paper  will  be  presented  at  the  Western  States  Section 
of  the  Combustion  Institute  Fall  Meeting  at  the  University  of  California/ 
Davis,  October  21/22,  1985: 

Zsak,  T.W.,  Niiya,  C.K.  and  Chigier,  N.,  "High 
Frequency  Ionization  Measurements  in  Diffusion 
Flames" . 
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